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Abstract
We analyze the effect of the Dark-large mixing angle (DLMA) solution on the effective Majorana mass
(mββ) governing neutrino-less double beta decay (0νββ) in the presence of a sterile neutrino. We consider
the 3+1 picture, comprising of one additional sterile neutrino. We have checked that the MSW resonance
in the sun can take place in the DLMA parameter space in this scenario. Next we investigate how the
values of the solar mixing angle θ12 corresponding to the DLMA region alter the predictions of mββ by
including a sterile neutrino in the analysis. We also compare our results with three generation cases for
both standard large mixing angle (LMA) and DLMA. Additionally, we evaluate the discovery sensitivity
of the future 136Xe experiments in this context.
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I. INTRODUCTION
The standard three flavour neutrino oscillation picture has been corroborated by the data from
decades of experimentation on neutrinos. However some exceptions to this scenario have been re-
ported over the years, calling for the necessity of transcending beyond the three neutrino paradigm.
The first among these signatures came from the LSND ν¯µ → ν¯e oscillation data [1], which could be
explained by invoking additional neutrino states (sterile) that mix with active neutrinos [2–6]. This
result was supported by the hints obtained : from the appearance data of ν¯µ → ν¯e and νµ → νe at
MiniBooNE experiment [7–11], from the reactor neutrino anomaly [12, 13] where a deficit in the ν¯e
reactor flux has been reported by short baseline(SBL) oscillation data and also from the missing
neutrino flux at GALLEX [14–16] and SAGE [17] source experiments. However, accelerator ex-
periments like KARMEN [18], ICARUS[19] , NOMAD[20] have not found a positive signal. There
are also disappearance experiments using reactors and accelerators as neutrino sources which have
not reported any evidences of sterile neutrino [21]. The allowed region from the global analysis
including all these data have been obtained in [22, 23]. Several new experiments are planned to
test the sterile neutrino hypothesis [24].
The basic question whether the neutrinos are Dirac particles or lepton number violating Ma-
jorana particles (for which particles and antiparticles are the same) remains as a major puzzle
in neutrino physics. Since oscillation experiments do not help us to determine the nature of the
neutrinos, one has to rely on studying the processes in which total lepton number is violated. In
this regard, neutrino-less double beta decay (0νββ) process ( XAZ → XAZ+2 + 2e−) stands as a
promising probe to establish the Majorana nature of neutrinos. 0νββ decay has not been observed
so far and there are several ongoing and upcoming experiments that search for this signal. The
best limit on the half life of 0νββ decay is T1/2 > 1.07×1026 years coming from the KamLAND-Zen
experiment using 136Xe [25]. This gives a bound on the effective Majorana mass (mββ) as,
mββ ≤ 0.061− 0.165 eV.
The range corresponds to the uncertainty in nuclear matrix elements (NME).
This process is suppressed by the proportionality of the transition amplitude to the effective
Majorana mass mββ, which in turn depends on the lowest neutrino mass, neutrino mass ordering,
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mixing angles and Majorana phases. However, the predictions for mββ are known to change
substantially in a 3+1 mixing scenario when an additional sterile neutrino is introduced [26–35].
It is also well known that in the presence of non-standard interactions (NSI), solar neutrino data
admits a new solution for θ12 > 45
◦, known as the dark large mixing angle (DLMA) solution
[36–38]. This is nearly a degenerate solution with ∆m221 ' 7.5× 10−5eV2 and sin2 θ12 ' 0.7. The
DLMA parameter space was shown to be severely constrained from neutrino-nucleus scattering
data from COHERENT experiment [39]. However the bound depends on the mass of the light
mediator [40]. In this context, the effect of the DLMA solution on 0νββ for the standard three
generation picture has been studied recently in ref. [41] where it was shown that the prediction for
mββ remains unchanged for the inverted mass scheme whereas for normal hierarchy, it becomes
higher for the Dark-LMA parameter space and shifts to the “desert region” between the two. This
region can be tested in the next generation experiments.
In this work, we have studied the implications of the Dark-LMA solution to the solar neu-
trino problem for 0νββ in the presence of one sterile neutrino as introduced to explain the
LSND/MiniBooNE results (see references [21, 42] for recent reviews on the status of eV scale
sterile neutrinos.). In this case, mββ depends on the third mass-squared difference ∆m
2
LSND, the
mixing angle θ14 and an additional Majorana phase γ/2, in addition to the two mass squared
differences ∆m221 and ∆m
2
31, two mixing angles θ12 (degenerate LMA or DLMA solutions) and θ13
and the Majorana phases α/2 and β/2. Depending on the values of these parameters, there can
be enhancement or cancellation of the 0νββ decay rate.
It has to be noted that the sum of masses of all the neutrino species is highly constrained
from cosmology, which does not allow an eV scale sterile neutrino (see [42] for a recent review
on the status of light sterile neutrinos and the cosmological bounds). To avoid the cosmological
constraints, one can invoke “secret neutrino interactions” which can dynamically suppress the
production of sterile neutrinos in the early universe by finite temperature effects [43]. One may
also avoid the cosmological constraints by assuming a very low reheating temperature (∼ MeV )
after inflation [44–46].
The rest of the paper is organized as follows. In the next section, we discuss the DLMA solution
and the MSW resonance condition in the presence of one sterile neutrino. In section-III, we discuss
the implications of the sterile neutrino and the DLMA solution for 0νββ process. The discovery
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sensitivity of 0νββ process in the new allowed parameter space is discussed in section-IV in the
context of 136Xe based experiments. Finally, we summarize our results in section-V.
II. DLMA SOLUTION IN 3+1 NEUTRINO FRAMEWORK
In the 3+1 neutrino framework, the neutrino mixing matrix U is a 4× 4 unitary matrix which
can be parametrized by three active neutrino mixing angles θ12, θ13, θ23, three active-sterile mixing
angles θ14, θ24 and θ34 and the Dirac CP violating phases δCP , δ14, δ24. Hence the 4 × 4 unitary
matrix is given by,
U = R34R˜24R˜14R23R˜13R12P, (2.1)
where P = diag(1, eiα/2, ei(β/2+δCP ), ei(γ/2+δ14)), and α/2, β/2, γ/2 are the Majorana phases. The
Dirac CP phases δCP , δ14 and δ24 are associated with R˜13, R˜14 and R˜24 respectively. The Majorana
phases can take values in the range 0 − pi. The rotation matrices R and R˜ are given in the Eqn.
(15) of reference [47]. The Majorana phase matrix comes into play while studying 0νββ process,
but they are not relevant for oscillation studies. In Table I, we have given the 3σ ranges of the
mixing angles and mass squared differences in the three generation [48] as well as four generation
schemes[22]. Similar analysis can also be found in references [49, 50] for three generation case and
in [23] for the four generation case.
The neutral current Lagrangian for NSIs in matter is given by the effective dimension 6 four
fermion operator as [51],
LNSI = −2
√
2GF
∑
f,P,α,β
fPαβ (ν¯αγ
µPLνβ)(f¯γµPf), (2.2)
where f is the charged fermion, P is the projection operator (left and right), and fPαβ are the
parameters which govern the NSIs. The NSI affects the neutrino propagation in matter through
vector coupling and we can write fPαβ = 
fL
αβ + 
fR
αβ . If we assume that the flavour structure of
neutrino interaction is independent of charged fermion type, one can write,
fPαβ = 
η
αβξ
f,P , (2.3)
where ηαβ denotes the coupling to the neutrino term and ξ
f,P denotes the coupling to the charged
4
Parameter NH IH
∆m2sol/10
−5eV 2 6.79→ 8.01 6.79→ 8.01
∆m2atm/10
−3eV 2 2.432→ 2.618 2.416→ 2.603
sin2 θ12 0.275→ 0.350 0.275→ 0.350
sin2 θ23 0.427→ 0.609 0.430→ 0.612
sin2 θ13 0.02046→ 0.02440 0.02066→ 0.02461
δCP 0.783pi → 2.056pi 1.139pi → 1.967pi
sin2 θ14 0.0098→ 0.0310 0.0098→ 0.0310
sin2 θ24 0.0059→ 0.0262 0.0059→ 0.0262
sin2 θ34 0→ 0.0396 0→ 0.0396
δ14 0→ 2pi 0→ 2pi
δ24 0→ 2pi 0→ 2pi
TABLE I: The oscillation parameters in their 3σ range, for NH and IH as given by the global analysis
of neutrino oscillation data with three light active neutrinos [48] and one extra sterile neutrino [22].
fermion term. Hence, Eqn. (2.2) can be written as,
LNSI = −2
√
2GF
∑
α,β
ηαβ(ν¯αγ
µPLνβ)
∑
f,P
ξf,P (f¯γµPf). (2.4)
It is convenient to write,
fαβ = 
η
αβξ
f with, ξf = ξf,L + ξf,R. (2.5)
We can parametrize the quark coupling in terms of η as,
ξu =
√
5
3
(2 cos η − sin η), ξd =
√
5
3
(2 sin η − cos η). (2.6)
The normalization constant is chosen in such a way that η ≈ 26.6◦ corresponds to ξu = 1 and
ξd = 0, which defines NSI with up quark and η ≈ 63.4◦ corresponds to ξu = 0 and ξd = 1, which
defines NSI with down quark. Under η → η + pi, ξu and ξd flip sign so it is sufficient to consider
the parameter space −pi
2
≤ η ≤ pi
2
. It was shown in [39] that the DLMA solution is allowed at 3σ
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range for −38◦ ≤ η ≤ 87◦. They presented the allowed parameter space in the ∆m221 − sin2 θ12
plane for different values of η. They also gave the allowed range of parameters from a global
analysis, including NSI, marginalizing over η. From this analysis, the allowed range of sin2 θ12 in
presence of NSI is obtained as: sin2θ12: 0.214-0.356 (LMA) and sin
2θ12: 0.648 -0.745 (DLMA).
The allowed range of ∆m221 varies in the range (6.73− 8.14)× 10−5 eV2 for the LMA solution and
(6.82− 8.02)× 10−5 eV2 for the DLMA solution. Comparing with the values given in Table I, we
can see that the range of sin2 θ12 and ∆m
2
21 for LMA solution in presence of NSI have changed
only marginally. The other three generation parameters were shown to be stable with inclusion
of NSI [39]. Thus, in our analysis we use the values of the parameters from Table I excepting for
the parameters sin2 θ12 and ∆m
2
21 for which we use the values quoted above from global analysis
performed in [39].
The total matter potential including standard and non-standard interactions is governed by the
Hamiltonian,
Hsterile+NSImat =
√
2GFNe(r)

1 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
+
GFNn√
2

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 1
+
√
2GF
∑
f=e,u,d
Nf (r)

fee 
f
eµ 
f
eτ 0
f∗eµ 
f
µµ 
f
µτ 0
f∗eτ 
f∗
µτ 
f
ττ 0
0 0 0 0
 ,
(2.7)
where, Ne, Nn and Nf are the number densities of electron, neutron and the fermion f in the sun.
Here, we have neglected non-standard interactions in the sterile sector 1. We can now construct
the Hamiltonian in an effective 2× 2 model as Heff = Heffvac +Heffmat where,
Heff =
∆m221
4E
− cos 2θ12 sin 2θ12
sin 2θ12 cos 2θ12
+ Ai
c213c214 0
0 0
+ Aj
−k1 k2
k∗2 k1
+ Ai ∑
f=e,u,d
Nf
Ne
−fD fN
f∗N 
f
D
 .
(2.8)
Here, Ai =
√
2GFNe, Aj =
GFNn√
2
and we have taken θ34 = 0. Now the new parameters 
f
D, 
f
N
1 Studies including non-standard interactions of sterile neutrinos have been discussed in [52].
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are related to the old parameters fαβ through the following equations :
fD = c13s13Re[e
iδCP (s23c24c14
f
eµ + c14c23
f
eτ )]− (1 + s213)c23s23c24Re(fµτ )
−c
2
13
2
(feec
2
14 − fµµc224) +
s223 − s213c223
2
(fττ − c224fµµ) + c213c14s14s24Re(feµei(δ14−δ24)
−c13c23s14s24s13Re(fµτei(δCP−δ14+δ24))− fµµs13c24s23c13s14s24Re(ei(δCP−δ14+δ24))
−
f
µµ
2
s214s
2
24c
2
13
(2.9)
and
fN = c13[c14c24c23
f
eµ − c14s23feτ ] + s13e−iδCP [fµτs223c24 − c223c24f∗µτ
+c23s23(
f
ττ − fµµc224)] + e−i(δ14−δ24)c13s14s24(fµτs23 − fµµc23c24)
. (2.10)
k1 and k2 are defined as,
k1 =
1
2
(c223s
2
24 − c213c224s214 − s213s223s224) + s13s23s24c13c24s14Re(δ14 − δCP − δ24), (2.11)
k2 = e
i(δ24−δ14)c23s24c13c24s14 − e−iδCP s13s23s224c23. (2.12)
In the absence of sterile neutrino ( θi4 = 0 and δi4 = 0 where i = 1, 2 )implying k1 = k2 = 0, we
get back the expressions of fD and 
f
N of [53].
Now we define δ =
∆m221
2E
, αf =
Nf
Ne
, and rewrite Eqn. (2.8) as,
Heff =
δ
2
− cos 2θ12 sin 2θ12
sin 2θ12 cos 2θ12
+Ai
c213c214 0
0 0
+Aj
−k1 k2
k∗2 k1
+Ai ∑
f=e,u,d
αf
−fD fN
f∗N 
f
D
 . (2.13)
Diagonalizing the above effective Hamiltonian gives the matter mixing angle θM as,
tan 2θM =
δ sin 2θ12 + 2Aiαf
f
N + 2Ajk2
δ cos 2θ12 + 2Aiαf
f
D − Aic213c214 + 2Ajk1
. (2.14)
Hence, the resonance occurs when,
δ cos 2θ12 + 2αfAi
f
D = Aic
2
13c
2
14 − 2Ajk1, (2.15)
i.e.,
∆m221 cos 2θ12 +Bk1 = A[c
2
13c
2
14 − 2αffD]. (2.16)
Here, A = 2
√
2GFNeE and B = 2
√
2GFNnE.
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It is crucial to ensure the occurrence of solar neutrino resonance with DLMA solution in a 3+1
neutrino scenario before we proceed to study the implications in 0νββ process. Keeping this in
mind, we have used the resonance condition in Eqn. (2.16) and obtained the neutrino energies
at which the solar neutrino resonance occurs. For this study we have only considered uee to be
non-zero while setting other NSI parameters to be 0 for simplicity. In Fig.1, we have plotted the
energy for which MSW resonance occurs for different values of ee for both LMA (purple line) and
the DLMA (green line) solutions. The figure shows that for sin2 θ12 in the DLMA region, resonance
condition can be obtained for different values of uee, but for a lower energy. The chosen values of
uee are within the range allowed by the global analysis of data as given in reference [39]. This is a
preliminary verification and a detailed analysis is beyond the scope of this paper.
FIG. 1: The energies corresponding to resonance for different values of uee for LMA (purple line)
and DLMA (green line) solutions.
III. 0νββ IN 3+1 SCENARIO
The half life for 0νββ in the standard scenario with light neutrino exchange is given by [54, 55],
(T1/2)
−1 = G
∣∣∣Mν
me
∣∣∣2m2ββ, (3.1)
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where G is the phase space factor, Mν is the nuclear matrix element and me is the electron mass.
The expression for the effective Majorana mass mββ is given by,
mββ = |U2eimi|, (3.2)
where i runs from 1 to 3 (4) in the case of three (four) generations. mi denotes the mass eigenstates
and U is the unitary PMNS matrix as given in Eqn. 2.1.
Thus, in 3+1 scheme,
mββ = |m1c212c213c214 +m2s212c213c214eiα +m3s213c214eiβ +m4s214eiγ|, (3.3)
where we have used the usual convention with cij = cos θij and sij = sin θij. The above expression
for mββ in the case of four generation is related to that in the case of three generation as,
mββ4gen = |c214 mββ3gen +m4s214eiγ|. (3.4)
Thus, the mββ in the case of four generation depends on three extra parameters : the mixing
angle θ14, the third mass squared difference ∆m
2
LSND (m4 =
√
m21 + ∆m
2
LSND) and the Majorana
phase γ/2. Depending on the values of these parameters, there can be additional enhancement or
cancellation in the predictions of mββ compared to that in the three generation case. In this work,
we denote the standard LMA solution as θ12 and the DLMA solution as θD12. The 3σ ranges of
these two parameters in the presence of NSI are shown in Table-II [39].
sin2θ12 sin
2θD12 cos2θ12 cos2θD12 sin
2θ13
Maximum 0.356 0.745 0.57 −0.296 0.024
Minimum 0.214 0.648 0.29 −0.49 0.020
TABLE II: The 3σ ranges of different combinations of oscillation parameters in the presence of NSI
relevant for understanding the behavior of the effective mass in different limits[39].
mββ is highly sensitive to the mass hierarchy of the light neutrinos, i.e; whether m1 or m3 is
the lowest mass eigenstate.
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FIG. 2: mββ vs mlightest for NH (left) and IH (right) for ∆m
2
LSND = 1.3eV
2. The pink and the
red regions represent the predictions for the standard LMA as well as the DLMA solutions for θ12
respectively. The gray shaded region represents the current upper bound of mββ obtained from
the combined results of KamLAND-Zen and GERDA experiments and the band defined by the
two horizontal black dashed lines represents the future 3σ sensitivity of the nEXO experiment.
The black solid lines and the blue dotted lines represent the predictions with the standard three
neutrino case for the standard LMA and the DLMA solutions respectively.
For normal hierarchy (NH), m1 is the lowest mass eigenstate (m1 < m2 << m3) and we can express
the other mass eigenstates in terms of m1 as
m2 =
√
m21 + ∆m
2
sol m3 =
√
m21 + ∆m
2
atm m4 =
√
m21 + ∆m
2
LSND. (3.5)
For inverted hierarchy (IH), m3 is the lowest mass eigenstate (m3 << m1 ≈ m2) and the other
mass eigenstates in terms of m3 are,
m1 =
√
m23 + ∆m
2
atm m2 =
√
m23 + ∆m
2
sol + ∆m
2
atm m4 =
√
m23 + ∆m
2
atm + ∆m
2
LSND.
(3.6)
Here, ∆m2sol = m
2
2 −m21, ∆m2atm = m23 −m21(m21 −m23) for NH(IH) and ∆m2LSND = m24 −m21.
In Figs. 2 and 3 we have shown the predictions for mββ as a function of the lightest neutrino
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FIG. 3: mββ vs mlightest for NH (left) and IH (right) for ∆m
2
LSND = 1.7eV
2. The pink and the
red regions represent the predictions for the standard LMA as well as the DLMA solutions for θ12
respectively. The gray shaded region represents the current upper bound of mββ obtained from
the combined results of KamLAND-Zen and GERDA experiments and the band defined by the
two horizontal black dashed lines represents the future 3σ sensitivity of the nEXO experiment.
The black solid lines and the blue dotted lines represent the predictions with the standard three
neutrino case for the standard LMA and the DLMA solutions respectively.
mass for two different values of the third mass squared difference, i.e., ∆m2LSND = 1.3eV
2 and
1.7eV2. The left panels are for NH whereas the right panels are for IH. In plotting these figures,
we have varied the oscillation parameters in their 3σ ranges [39, 48], the Majorana phases in the
range 0− pi and the mixing angle θ14 in the range θ14 ∼ 0.08− 0.17 radian.
In these plots, the pink and the red regions represent the predictions for the standard LMA
as well as the DLMA solutions for θ12 respectively. The gray shaded region in the range between
0.071 eV and 0.161 eV represents the current upper bound of mββ obtained from the combined
results of KamLAND-Zen and GERDA experiments [56]. This is a band due to the NME uncer-
tainties [56–58]. The region above this band is disallowed. The band defined by the two horizontal
black dashed lines represents the future 3σ sensitivity of the nEXO experiment : T1/2 = 5.7× 1027
11
years [59], which, has been converted to mββ = 0.007 − 0.018 eV using Eqn. 3.1 by including
the NME uncertainties. The black solid lines and the blue dotted lines represent the predictions
for mββ with the standard three neutrino case for the standard LMA and the DLMA solutions
respectively [41].
From Figs. 2 and 3, we can see that in the case of IH, the predictions of mββ remains same
for both LMA and DLMA solutions and this is true for both the three generation as well as four
generation cases. In addition, these predictions are independent of the values of ∆m2LSND that
we have considered. Also, complete cancellation of mββ can occur for the entire range of m3 in
the presence of the fourth sterile neutrino, unlike in the three generation case where there is no
cancellation region for IH at all. In addition, the maximum predicted values for mββ are higher
in the case of the four generation. Also, one can see that even though the non-observation of a
positive signal for 0νββ in the future nEXO experiment will rule out the IH scenario in the case
of three generation, it can still be allowed in the presence of the fourth sterile neutrino for both
LMA and DLMA solution. In fact, the maximum value of mββ in this case is already in the region
disallowed by the present results on 0νββ, subject to the NME uncertainty. This can be used to
constrain the θ14 mixing angle [47] .
In the case of NH, complete cancellation can occur for certain values of m1 for both the standard
LMA as well as the DLMA solutions in the four generation case, whereas for the three generation
case, there is no cancellation region for the DLMA solution. The values of mlightest for which
complete cancellation of mββ occurs is larger for the DLMA solution. There is more cancellation
region for ∆m2LSND = 1.3 eV
2 compared to that for ∆m2LSND = 1.7 eV
2. For ∆m2LSND = 1.3 eV
2
with the standard LMA solution, cancellation is possible in the entire range of mlightest as in the
case of IH. But for the DLMA solution cancellation is possible only for higher values of mlightest.
Another important point to be noted is that for the sterile neutrino scenario, there is no desert
region between NH and IH unlike in the standard three generation picture [41]. This is true for
both LMA and DLMA solutions. Also, the maximum allowed values of mββ is higher in the case
of the four generation picture and is almost independent of whether one take the standard LMA
or the DLMA solution. However, as compared to the three generation DLMA, the predictions for
the maximum value of mββ are higher for the sterile neutrino case. The prediction of mββ for three
neutrino DLMA picture is in the range (0.004-0.0075) eV while for the sterile DLMA(and LMA)
12
this spans (0.004 - .04) eV (for mlightest . 0.005 eV) for NH. The new allowed region of 0.0075-0.04
eV in the case of NH with four generation is in the complete reach of the future nEXO experiment.
The behavior of the effective Majorana mass mββ for the two different mass orderings can be
understood by considering various limiting cases.
• Inverted Hierarchy: We discuss the following limiting cases:
Case I : For m3 <<
√
∆m2atm,m1 ≈ m2 ≈
√
∆m2atm and m4 =
√
∆m2LSND the effective
mass parameter from Eqn. 3.3 becomes,
mββIO ≈ |
√
∆m2atmc
2
13c
2
14(c
2
12 + s
2
12e
iα) +
√
∆m2LSNDs
2
14e
iγ|. (3.7)
Here we take the representative values of ∆m2atm = 2.5 × 10−3eV2 and ∆m2LSND = 1.3eV2.
The above equation can lead to cancellation if we choose the following approximations c213 ∼
c214 ∼ 1, s212 ∼ 0.356, c212 ∼ 0.644,
√
∆m2atm ∼ 0.05,
√
∆m2LSND ∼
√
1.3 ∼ 1.140. This
implies,
mββ = 0.0322 + 0.0178e
iα + 1.14s214e
iγ. (3.8)
So the cancellation region corresponds to α ∼ pi, γ ∼ pi and s214 ∼ 0.0126. The cancellation is
achieved due to large value of
√
∆m2LSND. In three generation case, such cancellation is not
there because of the absence of large valued term which can counter the first large positive
term. In this region, the effective mass parameter is independent of the lightest neutrino
mass eigenstate (Eqn. 3.7) and is bounded from above and below by,
mββIOmax = |
√
∆m2atmc
2
13c
2
14 +
√
∆m2LSNDs
2
14| ; (α = 0, 2pi; γ = 0, 2pi). (3.9)
mββIOmin = |
√
∆m2atmc
2
13c
2
14 cos 2θ12 −
√
∆m2LSNDs
2
14| ; (α = pi; γ = pi). (3.10)
The maximum value of mββ is independent of θ12 whereas the minimum value of mββ depends
on θ12. But the minimum value of mββ is of the order of ∼ 10−4 and hence, this difference is
not much pronounced.
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Case II : As m3 approaches to
√
∆m2atm, the other mass states are m1 ≈ m2 ≈
√
2∆m2atm,
m4 ≈
√
∆m2LSND and mββ from Eqn. 3.3 becomes,
mββ = |
√
2∆m2atmc
2
13c
2
14(c
2
12 + s
2
12e
iα) +
√
∆m2atms
2
13c
2
14e
iβ +
√
∆m2LSNDs
2
14e
iγ|. (3.11)
Using the same values of those parameters as in case I and s213 ∼ 0.024 we have,
mββ = 0.0455 + 0.0252e
iα + 1.2× 10−3eiβ + 1.14s214eiγ. (3.12)
Here the cancellation occurs for α ∼ β ∼ γ ∼ pi and s214 ∼ 0.017. In three neutrino mixing
the cancellation is not possible due to the absence of large m4 term. Eqn. 3.11 is maximum
for α, β, γ = 0, 2pi and is independent of θ12. Since the value of s
2
13 is small, the minimum
value of mββ is independent of β. Hence the minimum value of mββ corresponds to α ∼ pi
and γ ∼ pi, and is given as,
mββIOmin = |
√
2∆m2atmc
2
13c
2
14 cos 2θ12 −
√
∆m2LSNDs
2
14|. (3.13)
• Normal Hierarchy: We consider the following limiting cases:
Case I: If m1 << m2 ≈
√
∆m2sol << m3 ≈
√
∆m2atm, then mββ can be written from Eqn. 3.3
as,
mββ =
√
∆m2atm
∣∣∣s213c214eiβ + √∆m2sol√
∆m2atm
s212c
2
13c
2
14e
iα +
√
∆m2LSND√
∆m2atm
s214e
iγ
∣∣∣. (3.14)
Taking the same representative values as we have used in the discussion for IH, we have,
mββ =
√
∆m2atm|s213c214eiβ + 0.172s212c213c214eiα + 22.80s214eiγ|, (3.15)
or,
mββ =
√
∆m2atm|0.024eiβ + 0.061eiα + 22.80s214eiγ|. (3.16)
We take the value of sin θ14 in the range 0.08 to 0.17, which implies for small m1 there is no
cancellation since the value of m4 is very large. The maximum value of mββ corresponds to
α, β, γ = 0, 2pi and the minimum value corresponds to γ = 0 and α, β = pi. mββ is higher
for higher value of sin2 θ12. This implies that mββ for the DLMA solution is higher in this
region.
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Case II: As m1 ∼
√
∆m2atm, Eqn. 3.3 becomes,
mββ = |
√
∆m2atmc
2
12c
2
13c
2
14 +
√
∆m2atms
2
12c
2
13c
2
14e
iα +
√
2∆m2atms
2
13c
2
14e
iβ +
√
∆m2LSNDs
2
14e
iγ|.
(3.17)
Using the representative values as earlier, we obtain,
mββ =
√
∆m2atm |0.644 + 0.356eiα + 0.034eiβ + 22.80s214eiγ|. (3.18)
So in this case the cancellation occurs since sin θ14 can take values in the range 0.08− 0.17.
IV. SENSITIVITY IN THE FUTURE EXPERIMENTS
The future generation 0νββ experiments are intending to probe the region mββ ∼ 10−2 eV.
These experiments include LEGEND, SuperNEMO, CUPID, CUORE, SNO, KamLAND-Zen,
nEXO, NEXT, PandaX etc. (See [60] for a review). A positive signal in these experiments could
be due to IH (three generation or 3+1 generation) or due to NH (3+1 picture) for both LMA and
DLMA solutions. If these experiments give a negative result, the next generation of experiments
have to be designed with a sensitivity range of 10−3 eV [61, 62].
In this section, we calculate the sensitivity in the future 136Xe experiments for which we have
adopted the method discussed in reference [60]. The value of T1/2 for which an experiment has
a 50% probability of measuring a 3σ signal above the background is defined as the 3σ discovery
sensitivity of T1/2. It is given as,
T1/2 = ln2
NA
maS3σ(B)
. (4.1)
In this equation, NA is the Avogadro number, ma is the atomic mass of the isotope, and B = β is
the expected background where,  is the sensitive exposure and β is the sensitive background. S3σ
is the value for which half of the measurements would give a signal above B for a Poisson signal
and this can be obtained from the equation,
1− CDF Poisson(C3σ|S3σ +B) = 50%.
C3σ stands for the number of counts for which the cumulative Poisson distribution with mean as
B obeys,
CDFPoisson(C3σ|B) = 3σ.
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FIG. 4: 136Xe discovery sensitivity as a function of sensitive exposure for different sensitive
background levels. The yellow, black, brown and blue lines correspond to four different values of
the sensitive background levels as shown in the figure.
We use the normalized upper incomplete gamma function to define CDFPoisson as a continuous
distribution in C as follows,
CDFPoisson(C|µ) = Γ(C + 1, µ)
Γ(C + 1)
.
This avoids the discrete variations that would arise in the discovery sensitivity if C3σ is restricted
to be integer valued. Using the above equations, we have calculated the T1/2 discovery sensitivities
of 0νββ as a function of  for various values of β for 136Xe nucleus and the results are shown in
Fig.4.
In this plot, the red shaded band corresponds to the new allowed region of mββ ∼ 0.008− 0.04
eV for the DLMA solution for the NH case with a sterile neutrino. This band in mββ which is
due to the variation of the parameters in the PMNS matrix, is converted to a band in T1/2 using
Eqn. 3.1, by taking into account the NME uncertainty as given in Table III. The dotted black
line corresponds to the future 3σ sensitivity of nEXO, which is T1/2 = 5.7 × 1027 years [59]. The
yellow, black, brown and blue lines correspond to four different values of the sensitive background
levels of 0, 10−5, 10−4 and 10−3 cts/(kgisoyr) respectively. From the figure, we can see that a large
part of this newly allowed region for NH is in the reach of the nEXO experiment. With lower
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background levels and/or higher sensitive exposure, the next generation experiments can probe
this entire region.
In Table III, we have given the T1/2 ranges corresponding to the newly allowed region of mββ for
the DLMA solution for the NH case with a sterile neutrino , i.e., mββ = 0.008− 0.04 eV for three
different isotopes. The predictions for T1/2 is highly affected by the uncertainties in NMEs. To
calculate the matrix element, one can use different models like shell model, quasiparticle random-
phase approximation (QRPA), interacting boson model (IBM), etc., and each model has their own
advantages and disadvantages [57]. The inverse half life also depends on the fourth power of the
weak axial vector (gA). Hence a small uncertainty in gA largely affects the extracted value of mββ
from observed value of T1/2. It depends on the mass number of the nucleus and the momentum
transfer. The quenching of gA from its free nucleon value arises due to nuclear medium effects and
nuclear many body effects. The detailed study of gA and its possible uncertainties are discussed
in [63]. In our work, we have used those values of Mν for which gA = 1.25 [56, 57].
Isotope NME (Mν) G(10
−15year−1) T1/2 range (years)
136Xe 1.6− 4.8 14.58 1.87× 1026 − 4.20× 1028
76Ge 2.8− 6.1 2.363 7.13× 1026 − 8.47× 1028
130Te 1.4− 6.4 14.22 1.08× 1026 − 5.63× 1028
TABLE III: The T1/2 ranges corresponding to the DLMA region mββ = 0.008− 0.04 eV, the new
allowed region for the DLMA solution for the NH case with a sterile neutrino for different isotopes. The
NME values [56, 57] and the phase space factors [58] used in the calculation are also given.
V. SUMMARY
In this paper, we have studied the implications of the DLMA solution to the solar neutrino
problem for 0νββ in the 3+1 scenario, including an additional sterile neutrino. We have verified
that even in the presence of sterile neutrino, the MSW resonance can take place in the DLMA
region. Next, we have studied how for these values of θ12, the predictions for 0νββ in 3+1 picture
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is changed as compared to the predictions for 3+1 scenario assuming ordinary LMA solution. We
also compare with the predictions of mββ for the three generation picture.
We find that for IH, there is no change in mββ predictions as compared to the 3+1 case assuming
θ12 to be in the standard LMA region. This is because in this case, the maximum value of mββ
is independent of θ12 and the minimum value of mββ is of the order of ∼ 10−4 eV where the
difference is not very evident. In particular, the cancellation region which was reported earlier
for 3+1 sterile neutrino picture also continues to be present for the DLMA parameter space due
to the contribution from the fourth mass eigenstate. This conclusion is similar to the conclusion
obtained for the three generation case, for which also the LMA and DLMA solutions gave same
predictions for mββ in the case of IH.
In the case of NH, cancellation can occur for certain values of mlightest and the values for which
this happens is higher for the DLMA solution. Also, the maximum value of mββ is same for the
standard LMA and DLMA solutions in the 3+1 scenario and unlike the three generation case there
is no desert region between NH and IH. However, the maximum value is higher than that for the
three generation DLMA case.
If future experiments with sensitivity reach of ∼ 0.015 eV observe a positive signal for 0νββ
then it could be due to IH (three generation or 3+1 generation) or due to NH (3+1 picture) for
both LMA and DLMA solutions. If however, no such signal is found then for three generation
picture 0νββ experiments can disfavor IH and one moves to the next frontier of 0.001 eV [61, 62].
In this regime a demarcation between LMA and DLMA is possible for three generation picture if
a signal is obtained for mββ & 0.004 eV [41]. However, if the sterile neutrino hypothesis is true
then distinction between NH and IH is not possible from 0νββ experiments. This also spoils the
sensitivity to demarcate between LMA and DLMA solutions. If however, the current indication
of NH from accelerator experiments is confirmed by future data then the next generation of 0νββ
experiments with sensitivity reach up to 10−3 eV can distinguish between LMA and DLMA solution
in presence of a sterile neutrino for mlightest . 0.005 eV.
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